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The practical realization of thermophotovoltaic (TPV) cells, which can directly
convert heat into electric power, is of considerable technological interest.
However, most existing TPV cells require heat sources at temperatures of
1800C. Here we report a low bandgap mid-infrared cell based on InAs and
demonstrate TPV operation with heat sources at temperatures in the range
500–950C. The maximum open circuit voltage (Voc) and short circuit current
density (Jsc) were measured as 0.06 V and 0.89 A cm
2 for a blackbody tem-
perature of 950C and an incident power density of 720 mW cm2 without
antireflection coating or electrode optimisation. TPV operation was obtained
with heat sources at temperatures as low as 500C, which represents progress
towards energy scavenging and waste heat recovery applications.
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INTRODUCTION
An efficient, practical, and cost-effective means for
directly converting heat into electricity has been the
object of much research and development for many
years and is a very appealing concept. In principle,
thermophotovoltaic (TPV) cells could form the crit-
ical component of various systems for generating
electricity from different types of heat sources
including combustion processes, concentrated sun-
light, waste process heat, and radio isotopes. This
opens up a wide variety of possibilities for technology
uptake and so TPV systems can be envisaged for use
in applications ranging from small power supplies to
replace batteries, to large scale co-generation of
electricity.1 Further opportunities exist in diverse
fields including automotive, power generation, and
low-pollution systems for industrial furnaces. In
addition to military power applications, there are
many commercial, social, and recreational applica-
tions, which require a quiet and emission-free com-
pact electrical generator. TPV systems would find
uses in remote, backup, and marine power genera-
tion as a more reliable and quieter replacement for
diesel generators, especially in locations not suit-
able for photovoltaic solar arrays or batteries. There
is interest in both miniaturizing TPV systems for
powering small electronics systems, and scaling-up
TPV for large-scale applications such as power
plants, submarines, and buildings; as well as for
energy recovery from waste heat in the glass, steel,
and paper making industries.
TPV cells are solid-state p–n junction semicon-
ductor devices that directly convert heat into elec-
tricity. They absorb the infrared radiation emitted
from a hot source and produce electric power by way
of the photovoltaic effect. The optimum TPV cell
bandgap depends on the radiation spectrum, i.e.,
the emitter blackbody temperature, and its possible
modification by spectral control using a selective
emitter, and also on the details of device and system
features incorporating photon recycling effects. The
main differences between TPV and conventional
solar cells are the lower temperature sources found
in a TPV system and the much closer proximity of
the cell and the extended source. Excellent progress
has been made in TPV development2 covering a
wide range of activities including fundamental and
applied research into high-temperature nanopho-
tonics3 and metamaterials4 to engineer the selective
emitter as well as development of heteroepitaxial
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III–V semiconductor devices5,11 and micron-gap or
near-field heat transfer methods,6 as well as complete
system demonstrations.7 In this work we are con-
cerned only with the development of the TPV cell. As
shown in Fig. 1, theoretical modelling8 following the
thermodynamic detailed balance model of Shockley
and Queisser,9 shows that in the ideal case where
radiative recombination is dominant, for tempera-
tures below 1700C, the maximum cell conversion
efficiency is obtained using bandgaps below 0.5 eV.
However, previous work has concentrated on TPV
devices matched to high temperature combustion
sources using semiconductors with larger bandgaps
such as silicon with Eg = 1.1 eV, InGaAs
10 on
InP—typicallyEg = 0.5–0.73 eV, but which is limited
by lattice mismatch to the higher bandgap ranges - or
InGaAsSb on GaSb, which is constrained to
Eg = 0.5 eV by a miscibility gap. More recently, GaSb
p–i–n photodiodes have been grown on GaAs (100)
substrates for use as TPV cells using the interfacial
misfit array method to reduce substrate costs.11,12
There have been a few previous works, which
described the successful epitaxial growth, develop-
ment, and characterization of lower bandgap InAs-
based materials and diodes for TPV applica-
tions.13–17 However, to date there are no reports of
TPV characteristics in response to blackbody radi-
ation at temperatures below 1000C as required for
waste heat recovery applications. More recently,
metallic photonic crystals have been developed as
thermal emitters18 for spectral shaping in TPV
systems, and theoretical work has proposed Gra-
phene-assisted Si-InSb for low temperature TPV
applications.19 Meanwhile, there are currently
active investigations into more complex architec-
tures using quantum cascade-based or multiple-
junction TPVs, which show great promise, but there
are still no commercial TPV cells available for the
thermal source temperatures below 1000C.20–22 In
this work we have demonstrated a TPV response
from a blackbody source at temperatures as low as
500C using a cell with an InAs active region with a
bandgap of 0.32 eV at 300 K.
EXPERIMENTAL PROCEDURES
The cell design implemented here is shown in
Fig. 2a and was fabricated using liquid phase
epitaxial (LPE) growth on an n-type InAs substrate.
The structure comprises a lattice-matched quater-
nary alloy layer of p-type InAsSbP as a window
layer with wider bandgap of 0.5 eV to allow light
in and reduce surface recombination of photo-gen-
erated carriers. The InAs active region is 4 lm in
thickness to provide effective absorption. To reduce
the residual carrier concentration in the InAs active
region, we employed a Gd gettering technique to
remove impurities from the active region during
growth.23 Epitaxial layers of unintentionally doped
InAs and p-type Zn-doped 1 9 1018 cm3, quater-
nary InAsSbP were grown nominally lattice-
matched onto n-type, 2 9 1018 cm3 InAs (100)
substrates by conventional LPE using a horizontal
sliding boat technique. Growth was implemented
from In-rich melts at temperatures within the
interval of 570–580C based on our previous work,10
using supercooling, DT  3C. The alloy composi-
tion of the quaternary alloy as determined by
energy dispersive x-ray analysis was found to be
InAs0.61Sb0.13P0.26. The resulting layers were also
characterised using photoluminescence (PL) spec-
troscopy in the temperature range 4–300 K. PL was
excited using an Ar+ ion laser (514 nm), which
produced an excitation density of 20 W cm2 at the
sample surface. The InAs bandgap was found to be
in agreement with the results from the spectral
response measurements in Fig. 3. Hall Effect mea-
surements using the Van der Pauw method were
used to obtain the residual carrier concentration,
which was 1 9 1016 cm3.
The TPV cells were fabricated by standard ultra-
violet photolithography and wet chemical etching
techniques, with a mesa etch depth of 6 lm. Metal
contacts were realized using thermal evaporation
and consisted of Ti-Au or Ni-Au alloys. The mesa
area was designed as 1 mm 9 1 mm, with a nine
finger electrode pattern. No anti-reflection coating
or passivation of the cells was used. The spectral
response was measured with a calibrated blackbody
at a temperature of 1200 K using a grating
monochromator, blazed at 3.5 lm, and lock-in
amplifier with a chopper frequency of 180 Hz. The
results were corrected and normalised using a
pyroelectric detector with a flat response. For the
efficiency measurements, a variable temperature
blackbody of 500–1200C with an aperture of 25 mm
was used as the thermal source. The optical
Fig. 1. Maximum efficiency for a TPV cell. The dependence of TPV
efficiency on bandgap for blackbody sources at different tempera-
tures derived from the Shockley Queisser detailed balance model.3
Figure adapted from Cody.2 In combustion, normally source tem-
peratures are>1800C, whereas for waste heat recovery sources
are much cooler, typically 500–1000C, which requires TPVs with
lower bandgaps.
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(thermal) power incident on the surface of the TPV
cell was measured using a 10 mm diameter large-
area thermopile; a Melles Griot 13 PEM 001/J
power meter, constructed from a high-density
graphite disc having a uniformity of 81% over the
central 8 mm and a dynamic range from 2 lW to
2 W. In all cases the TPV cell was positioned normal
to the incident radiation and a correction was made
to account for the field of view of the thermopile. For
completeness, the efficiency was also measured with
the TPV cell at room temperature using a calibrated
Landcal P550P blackbody source at 500C with a
65 mm diameter aperture.
RESULTS AND DISCUSSION
Figure 2(b) shows the dark current–voltage (I–V)
characteristic from one of the TPV cells, from which
the ideality factor was obtained as 1.4, with a shunt
resistance of 217 X and a series resistance of 0.75 X
at 300 K. A comparison of the photoresponse of p-i-n
and n-i-p cell structures having different window
layers is shown in Fig. 3, where the atmospheric
absorption near 2.7 lm arises from water vapour in
the optical path. In each case the long wavelength
cut-off is obtained as 3.86 lm (0.32 eV) associated
with absorption in the InAs active region, which is a
little smaller than the intrinsic 300 K InAs band
gap due to the Urbach tail states. We observed that
cells with a p-type InAsSbP window layer exhibited
a broader photoresponse extending down to a
minimum wavelength of 1.25 lm. High energy
photons are collected by the window layer, although
the corresponding photogenerated carriers are sub-
ject to near surface recombination. The extended
short wavelength photoresponse for the p-type
InAsSbP window material is due to the proximity
of the p–n junction to the front of the device. In the
case of the p-type InAsSbP window, the minority
carriers generated in the window only need to
diffuse 0.5 lm before they are collected by the p–n
junction and become majority carriers. Electrons
generated in the p-type InAsSbP window layer and
emitted into the active region are able to transit
across the InAs active region without recombining,
due to the longer minority carrier diffusion length.
For the other samples, the minority carriers (holes)
need to diffuse 4.5 lm in order to be collected.
The output from the TPV cell at room tempera-
ture (20C) is shown in Fig. 4a for blackbody source
temperatures in the range 500C–950C, where the
total incident power increases as the source tem-
perature increases. Due to the low bandgap of the
InAs, 0.32 eV as determined from the spectral
response in Fig. 3, the cell generates power at low
source temperatures within the range suitable for
waste heat recovery applications. The maximum
open circuit voltage (Voc) and short circuit current
density (Jsc) were measured as 0.06 V and
Fig. 2. (a) The InAs TPV cell design showing the layer structure of the low bandgap cell, (b) the current voltage characteristic of the TPV cell in
the dark; the inset shows a microscope image of the completed processed cell, with mesa dimensions 1 mm 9 1 mm and contact electrodes
50 lm wide.
Fig. 3. The spectral response of InAs TPV cells having different
windows. The response extends to shorter wavelengths for TPV cells
with quaternary window layers, but the long wavelength cut-off re-
mains the same. Blue: p-InAsSbP window; green: n-InAsSbP win-
dow; red n-InAs window (Color figure online).
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0.89 A cm2 for a blackbody temperature of 950C
and an incident power density of 720 mW cm2. The
fill factor was obtained as 37% with a corresponding
power output of 20 mW cm2 and conversion effi-
ciency of 3%, after correcting for current collection
outside the defined mesa area and obscuration by
the metal electrode, without anti-reflection coating
or contact electrode optimization. Figure 4b shows
the TPV output from the cell (at 20C) in response to
a blackbody source at 500C using an incident
power density of 800 mW cm2. The measured open
circuit voltage, (Voc) was 0.04 V and short circuit
current density, (Jsc) was 0.27 A cm
2 with a cor-
responding fill factor of 36%. The power output was
4 mW cm2 with conversion efficiency of 0.5%,
which is consistent with the detuning of the black-
body output with respect to the InAs TPV cell
bandgap of 0.32 eV at room temperature.
As expected the value of Voc = 0.06 V is much
smaller than the value of Voc = 0.24 V obtained from
thermodynamic considerations.2 The open circuit
voltage Voc and short circuit current density Jsc for a


















where, ni is the intrinsic carrier concentration, q is
the electron charge, Dn (Dp) is the electron (hole)
diffusion coefficient, Ln (Lp) is the effective minority
carrier diffusion length, ND (NA) is the donor
(acceptor) doping concentration, and Jo is the
reverse saturation current density. Using represen-
tative values from the literature24 for the terms in
Eq. 2 we obtained a value of J0 = 0.13 A cm
2,
which is in agreement with the measured value of
0.10 A cm2, and which is also consistent with the
measured value of Voc. It is well known that InAs
alloys are subject to surface accumulation, but in
this case we consider that our prototype cells are
dominated by bulk leakage, which is further con-
firmed by comparing devices of different perimeter
to area ratios. With reference to Eq. 2, this is
primarily a result of the high intrinsic carrier
concentration in InAs (1015 cm3) and the minor-
ity carrier lifetime (diffusion length).10
CONCLUSIONS
In summary, we have demonstrated a TPV
response from a blackbody source at temperatures
as low as 500C using a prototype low bandgap
InAs-based TPV cell. The maximum open circuit
voltage (Voc) and short circuit current density (Jsc)
were measured as 0.06 V and 0.89 A cm2 for a
blackbody temperature of 950C and an incident
power density of 720 mW cm2. The fill factor was
obtained as 37% with a corresponding efficiency of
3% without antireflection coating or electrode opti-
misation. TPV output was still obtained from a
500C blackbody where the cell efficiency reduced to
0.5%. These cells are currently only suitable for
applications with low power requirements such as
energy scavenging devices, battery chargers, low
power electronics, and sensors.25 Although Voc can
be increased by increasing the incident power
density, our results show that to achieve higher
efficiencies necessary for practical implementation,
more complex structures based on either monolithic
interconnected modules (MIMs),26 or interband
cascade architectures are needed to significantly
increase the open circuit voltage. Further work is
also required to implement the low bandgap InAs
TPV elements in the form of a monolithic array.
However, our results show that InAs-based cells can
provide a possible route towards the development of
TPVs for energy conversion from waste heat sources
at temperatures as low as 500C.
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